We present a novel unequal power divider with bandpass responses. The proposed power divider consists of five resonators and a resistor. The power division ratio is controlled by altering the coupling strength among the resonators. The output ports have the characteristic impedance of 50 Ω and impedance transformers in classical Wilkinson power dividers are not required in this design. Use of resonators enables the filtering function of the power divider. Two transmission zeros are generated near the passband edges, resulting in quasielliptic bandpass responses. For validation, a 2 : 1 filtering power divider is implemented. The fabricated circuit size is 0.22 g × 0.08 g , featuring compact size for unequal filtering power dividers, which is suitable for the feeding networks of antenna arrays.
Introduction
Power dividers are widely used in radio frequency (RF) frontends, such as in power combining networks and antenna arrays [1, 2] . The power ratio of the conventional Wilkinson power divider is controlled by adjusting the characteristic impedance of the branch lines. Impedance transformers are required at the two output ports in unequal power divider designs [3] . Based on the schematic of the classical Wilkinson power divider shown in Figure 1 , lots of power dividers have been designed in recent years, including the high power division ratio dividers [4] , the arbitrary power division ratio ones [5] , out-of-phase ones [6] , dual-band ones [7, 8] , and spurious-suppressed ones [9, 10] .
Apart from power dividers, bandpass filters (BPFs) are also essential parts in many RF front-ends. The two kinds of passive components consume a large area. To reduce the size, they can be integrated [11] [12] [13] [14] [15] [16] [17] [18] . In [11, 12] , the quarterwavelength transformers in Wilkinson power dividers are replaced by BPFs. This method can also be used to design unequal power dividers [13] . The filtering circuits can also be used to replace the impedance transformers at the output ports of unequal power dividers, resulting in dual functions [14] . However, the circuit size of the above two unequal designs needs to be reduced. For miniaturization, the filtering and power splitting circuits can be highly integrated together [15] [16] [17] [18] . However, this method has not been applied to unequal filtering power divider designs.
In this paper, a novel unequal power divider with filtering responses is proposed. The circuit consists of a half-wavelength resonator and four quarter-wavelength resonators as well as an isolation resistor. By adjusting the coupling strength among the resonators, unequal power division ratios can be obtained. All the ports have the impedance of 50 Ω and the impedance transformers are not required at the output ports. The quasielliptic bandpass responses are obtained by using cross coupling. Based on the proposed idea, an example circuit is designed with the compact size of 0.22 × 0.08 , where is the guided wavelength at the operating frequency. Good power division and bandpass responses are observed in the experiment.
Analysis and Design of the Proposed
Filtering Unequal Power Divider circuit consists of five resonators and a resistor. Ports 1, 2, and 3 are connected to resonators 1, 2, and 2 . Resonators 2 and 3, 2 and 3 are coupled to resonator 1. This is the same as the equal filtering power divider design in [17] . However, the coupling strengths are different in this design to obtain an unequal power ratio. If the coupling strength among resonator 1 and resonators 2 and 3 is different from that among resonator 1 and resonators 2 and 3 , the power injected to resonator 1 will be unequally split. Thus, the unequal power division ratio can be realized by altering the coupling strength, which is different from classical unequal Wilkinson power dividers as shown in Figure 1 . Moreover, the port impedance is 50 Ω and the impedance transformers at the output ports in Figure 1 are not required, resulting in compact size. In order to realize good matching and high isolation between ports 2 and 3, a resistor is added between resonators 3 and 3 .
The circuit can be analyzed by the even-odd-mode method. When even-mode excitation is applied at ports 2 and 3, the voltages at both sides of isolation resistor are equal to ensure that there is no current flowing through the isolation resistor. Thus, the resistor can be eliminated, resulting in the circuit shown in Figure 3(a) . For odd-mode excitation, opposite polarity voltages are applied to ports 2 and 3. Then the overall structure can be divided into simple circuits as shown in Figures 3(b) and 3(c) . However, due to the existence of the coupling in the circuit, it is difficult to calculate the resistance. Herein, we use the simulation to choose the resistance for good matching and high isolation between ports 2 and 3. As shown in Figure 4 , various kinds of resistance result in different matching status at ports 2 and 3 as well as different isolation effect between ports 2 and 3. Taking into account the port matching and isolation, the resistance is chosen as 6.8 kΩ.
As for the filtering responses, resonators 1, 2, and 3 as well as resonators 1, 2 , and 3 form two filtering networks and thus bandpass responses can be realized, which is similar to the design in [17] . Figure 5(a) shows the filtering network between port 1 and port 2 (or port 3). It consists of three resonators. The solid and dash lines denote the electrical and magnetic couplings, respectively. Figure 5(b) shows the bandpass response of the filtering network. Two transmission zeros are generated at both sides of the passband by crossing coupling, resulting in high selectivity.
Based on the above schematic, a filtering power divider is designed with the 2 : 1 power ratio. Figure 6 shows the microstrip configuration of the proposed circuit. Resonator 1 is a half-wavelength one and the others are quarterwavelength ones. To realize the required unequal power ratio and obtain good filtering performance, the coupling strengths among the resonators are determined as follows: 12 = 0.08, 13 = 0.31, 23 = 0.1, 12 = 0.01, 13 = 0.2, and 2 3 = 0.04. The coupling strengths among resonator 1 and resonators 2 and 3 are stronger than the corresponding ones among resonators 1, 2 , and 3 . Thus more power is coupled to port 2, resulting in the 2 : 1 power division ratio.
The proposed filtering unequal power divider can be designed as follows. Firstly, the desired passband frequency can be obtained by controlling the length of the resonators to be half or quarter guided wavelength. Secondly, the resonators are combined using the configuration in Figure 3 and the coupling strengths are tuned to realize the power ratio and bandpass responses. The third step is to adjust the resistance to obtain the good isolation and port matching.
Experiment
For demonstration, a 2 : 1 filtering power divider is implemented. The substrate used in this design has a relative dielectric constant of 3.38, a thickness of 0.81 mm, and a loss tangent of 0.0027. The dimensions are chosen as follows: = 0.5 mm, 1 = 7 mm, 2 = 3.5 mm, 3 = 3.5 mm, 4 = 18.7 mm, 5 = 9 mm, 6 = 3.9 mm, 7 = 0.8 mm, 8 The photograph of the fabricated filter is shown in Figure 7 . The simulation is carried out using IE3D and the results are measured on the network analyzer Agilent E5071C. As shown in Figure 8 , the measured center frequency 0 is 920 MHz, with the fractional bandwidth of 6.5%. The measured 21 and 31 are −2.76 dB and −5.78 dB, respectively. Since the ideal 21 and 31 are −1.7 dB and −4.7 dB for 2 : 1 unequal power divider, it indicates that the proposed design obtains 2 : 1 power ratio with the insertion loss of 1.1 dB and magnitude imbalance of less than 0.1 dB. It is noted that both the filtering and power division functions are integrated and the loss can be considered low. The passband return loss of generated at 0.75 GHz and 1.2 GHz, resulting in quasielliptic bandpass responses. The comparison with other works is tabulated in Table 1 . It is seen that the proposed circuit has a small size and a relative high isolation in a wide frequency range up to 2 0 .
Conclusion
This paper has presented a compact unequal power divider with quasielliptic bandpass responses. A new method has been proposed to design the unequal power dividers by altering the coupling strength among the resonators. No impedance transformer is required at the two output ports. The design methodology and experimental results have been presented. Good performance has been obtained together with the compactness. The unequal filtering power division responses and compact circuit size make the proposed circuit useful for feeding networks of antenna arrays. Figure 6 : Configuration of the microstrip filtering unequal power divider. International Journal of Antennas and Propagation 
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